Rationale: Intracellular calcium (Ca) alternans has been widely studied in cardiac myocytes and tissue, yet the underlying mechanism remains controversial. Objective: In this study, we used computational modeling and simulation to study how randomly occurring Ca sparks interact collectively to result in whole-cell Ca alternans.
I ntracellular calcium (Ca) cycling plays a central role in cardiac excitation-contraction coupling. 1, 2 Ca alternans, a beat-to-beat alternation in intracellular Ca transient amplitude, is an important factor promoting T-wave alternans and pulsus alternans, markers conferring an increased risk of sudden cardiac death. 3 Although Ca alternans has been widely studied in cardiac myocytes, 4 -13 the underlying mechanism remains controversial. Eisner et al 4 were the first to propose that Ca alternans could be explained by a steep nonlinear dependence of sarcoplasmic reticulum (SR) Ca release on the diastolic SR Ca load immediately preceding the release (a steep fractional release-load relationship). This mechanism requires that diastolic SR Ca load alternate concomitantly with SR Ca release. Subsequent experimental 6, 7, 9 and theoretical 9, 14, 15 studies have provided evidence supporting this mechanism. However, later experimental studies in rabbit ventricular myocytes by Picht et al 12 and in cat atrial myocytes by Hüser et al 13 showed that under some conditions, Ca alternans can be dissociated from the expected alternation in SR Ca content, raising questions about whether the mechanism proposed by Eisner et al is universally valid.
Based on their observations, Picht et al suggested that refractoriness of ryanodine receptors (RyRs) might play an important role in frequency-dependent Ca alternans.
In this study, we developed a spatially distributed Ca cycling model to further investigate these issues. The model consists of a quasi-2D array of Ca release units (CRUs) (also called couplons) that are coupled through Ca diffusion in the myoplasm and the SR network, from which Ca sparks, the elementary Ca release events of excitation-contraction coupling, 16, 17 arise. According to present understanding, Ca sparks can be triggered by 3 mechanisms: (1) by opening of one or more L-type Ca channels (LCCs) in a CRU during an action potential, through a process called Ca-induced Ca release (CICR); (2) by spontaneous openings of RyRs, especially when SR Ca load is high; and (3) by Ca diffusing from nearby CRUs that have just released Ca from the SR, also through CICR. The first 2 mechanisms are welldocumented experimentally, supporting the local control theory of Stern. 18 According to local control theory, the third mechanism of spark-induced sparks is generally assumed to be unimportant during normal excitation-contraction cou-pling. However, many experimental studies 17, 19 documenting the transitions from Ca spark to Ca wave indicate that spark-induced sparks become significant at some point as SR Ca load progressively increases. The exact point at which this occurs is not well-defined, but experiments by Parker et al 20 and Brum et al 21 have shown evidence of sparks triggering additional sparks, or sparks occurring sequentially, especially along the Z-line. Because both LCCs and RyRs open stochastically, Ca sparks tend to occur sparsely and randomly at low LCC open probability and/or under strong Ca buffering conditions, 22, 23 but more regularly at higher LCC open probability and weak Ca buffering, eg, for sparks evoked by action potentials in normal rabbit myocytes. 24 Finally, once a CRU releases Ca, it becomes refractory to further Ca release for a certain time period, ie, there is a refractory period. Thus Ca sparks exhibit restitution, such that their amplitude depends on the time interval from the previous Ca spark. 19, 25, 26 To incorporate these general features into our model, we represented LCCs and RyRs using random-walk Markov models. Using computer simulation of our spatially distributed Ca cycling model together with nonlinear dynamics analysis, we show how 3 generic CRU properties, including "randomness" (the stochastic nature of Ca sparks), "refractoriness," and "recruitment" (the ability of 1 spark to recruit its neighboring CRUs to spark, or "spark-induced sparks"), interact synergistically to result in Ca alternans. Our simulations and theory agree with the experimental observations by Diaz et al 6, 7 that irregular, asynchronous Ca release is required for Ca alternans, with local Ca waves triggered during the large-release beat. However, we also show that a steep fractional release-load relationship emerges naturally as a collective behavior of the CRU network and Ca alternans can even occur when SR Ca content is held constant. This agrees with the experimental observations by Picht et al 12 and Hüser et al 13 that alternans in diastolic SR Ca load is not required for Ca alternans.
Methods

Spatially Distributed Ca Cycling Model
We developed a quasi-2D spatially distributed Ca cycling model ( Figure  1 ), which includes a network SR (NSR) domain and a myoplasmic (Myo) domain coupled via SR Ca release and uptake. As illustrated in Figure 1A , this model comprises a CRU network coupled via Ca diffusion in each domain. Each CRU contains ( Figure 1B ): a junctional SR (jSR), which is diffusively connected to the NSR (J SR ), and a dyadic space (DS), which is diffusively connected to the myoplasm (J DS ). Extracellular Ca (J LCC ) enters the dyadic space through voltage-gated LCCs (5 channels per CRU), which open stochastically and are simulated by a simple Markov model ( Figure 1C ). Ca is released from the jSR (J RyR ) through its associated cluster of RyRs (100 channels per CRU) to the DS. The RyRs also open stochastically, and are simulated using a Markov model by Stern et al 27 (Figure 1D ), in which activation and inactivation of RyRs are regulated by Ca in DS (with no regulation by SR luminal Ca). Ca is either extruded from the cell via the Na-Ca exchanger (J NCX ), or taken back up into the NSR via the SERCA pump (J up ). Because at the resting potential the Na-Ca exchanger always extrudes Ca, to maintain a stable Ca equilibrium state, we also added a background Ca current (J b ) to bring Ca into the myoplasmic domain. A network of 100ϫ100 CRUs was used in this study. The differential equations and parameter values used in this study are detailed in the Online Data Supplement at http://circres.ahajournals.org.
Computer Simulation
We discretized the local NSR and the myoplasm domains of each CRU into 5ϫ5 grids. Thus, a 100ϫ100 CRU network was dis- cretized into 2 coupled 500ϫ500 grids. The differential equations were numerically simulated using an operator splitting method by advancing first the diffusion step and then the remaining reaction steps using a first-order forward Euler method with time step ⌬tϭ5 s. The stochastic transitions of LCC and RyR were updated asynchronously using an explicit method with a variable time step (⌬tϭ5 s to 1 ms) adapted to the local Ca concentrations. The details of the numeric and simulation methods are presented in the Online Data Supplement.
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Results
Steep Relationship Between SR Ca Release and SR Ca Load
A steep relationship between SR Ca release and SR Ca load (steep fractional release-load relationship), which plays an important role in regulating contractile force during normal excitation-contraction coupling, has been implicated in the genesis of Ca alternans, as described earlier. To explore the mechanism, we paced our CRU network model with a voltage clamp waveform to evoke Ca release from the SR. After achieving steady state, we recorded the whole-cell SR Ca content just before stimulation, and Ca depletion after stimulation (see inset of Figure 2A ). By changing the amplitude of the background Ca current to alter the SR load, we obtained the relationship between SR Ca depletion and SR Ca load ( Figure  2A , black symbols). The fractional release ( Figure 2B ) was small and insensitive to SR Ca content when SR load was low but increased steeply between 600 mol/L and 700 mol/L, saturating at around 50%. For each SR load, we also calculated the total number of sparks ( Figure 2C ). The number of sparks increased slowly at low SR load, but increased steeply between 600 mol/L and 700 mol/L, beyond which the spark number saturated (at 10 000, the total number of CRUs in the system).
To examine how fractional release is linked to sparks, we calculated the average whole-cell SR depletion Ͻ⌬CaϾ by summating the Ca depletion attributable to each individual spark, ie:
where Ca SR is the luminal SR Ca content before each release, Ca b i is the minimum SR Ca content of the i th CRU after the depletion (with ϽCa b Ͼϭ iϭ1 Nspark Ca b i /N spark being the average postdepletion content), N spark is the number of sparks evoked, and N total is the total number of CRUs. Using the spark data in Figure  2C and ϽCa b Ͼϭ430 mol/L, the predicted Ca depletion (open circles in Figure 2A ) using Equation 1 agrees well with the direct measurements. Note that ϽCa b Ͼϭ430 mol/L is close to the depletion levels seen in individual sparks (see Figure 3 and 4, and Online Figure IV) . Therefore, in our model in which Ca release by individual CRUs is not regulated by SR luminal Ca, a steep fractional release-load relationship nevertheless emerges as a collective behavior of the network, in proportion to the fraction of CRUs in the network generating sparks. In other words, a steep release-load relationship is not required as a property of individual CRUs in order for the CRU network, as a whole, to exhibit this behavior. The behavior arises because when SR and myoplasm reach equilibrium, higher SR Ca content translates to a higher mean Ca concentration in myoplasm and DS. At higher resting Ca in DS, a smaller increment in Ca is needed to induce opening of RyRs. Therefore, as Ca increases, the probability of Ca sparks triggered either by Ca influx through LCC openings or by Ca released from the neighboring CRUs also increases in a nonlinear fashion, as shown in Figure 2 .
From Random Ca Sparks to Whole-Cell Ca Alternans
When the CRU network model is paced periodically with a clamped voltage waveform at slow rates, the whole-cell Ca transient and diastolic SR Ca load are regular ( Figure 3A ). Although the summated Ca transient is regular, individual Ca sparks occur irregularly. In Figure 3B , we plot several traces of Ca from individual jSR spaces (Ca "blinks," 28 black), dyadic spaces (Ca sparks, red), and LCC Ca fluxes (blue) in arbitrarily selected CRUs. It can be seen that Ca sparks, blinks, and LCC openings occur more or less randomly. A spark may occur with or without LCC openings, and LCC openings in a CRU may or may not cause a Ca spark. Sparks occurring without companion LCC openings are sometimes induced by neighboring sparks (spark-induced sparks). Blinks of small amplitude can occur in the absence of sparks at a given location, because Ca release in a CRU drains Ca from neighboring CRUs via diffusion in the NSR. We calculated the numbers of CRUs with LCC openings, total sparks, LCC-triggered sparks (sparks with LCC openings), and recruited sparks (sparks without LCC openings), which are shown in Online Figure I (A) . In this case, Ϸ70% of the CRUs release Ca on each beat, of which 70% are LCC-triggered sparks, and 30% are spark-induced sparks. Because Ca sparks occur randomly, the spatial distribution of myoplasmic Ca exhibits a random spatial pattern, which changes from beat to beat ( Figure 3C ), similar to the irregular pattern observed during action potential clamps in mouse ventricular myocytes, 22 although different from rabbit ventricular myocytes (see Discussion). 24 In addition, CRUs tend to release Ca in clusters because of spark-induced sparks, resulting in spreading Ca waves ( Figure  3D ), which are sporadic and abort locally. Space-time plots (line-scan) exhibit random and patch-like patterns, resembling the experimental data by Diaz et al 6 (see Online Figure II ).
As the pacing cycle length (PCL) decreases, whole-cell Ca alternans emerges. During alternans, both whole-cell myoplasmic Ca and SR Ca transients alternate in size from beat to beat ( Figure 4A ). The individual Ca sparks do not alternate but still occur randomly ( Figure 4B ), similar to the case of regular release ( Figure 3B ). However, the whole-cell spatial Ca pattern alternates from beat to beat ( Figure 4C , see also the Online Video). Note that Ca sparks are sporadic and infrequent during the small Ca transients. During the large Ca transients, the sparks are still randomly distributed in space, but become more frequent. During alternans, the local waves occur during the large Ca transient ( Figure 4D ) but rarely during the small Ca transient, in agreement with the observations of Diaz et al. 7 Also, notice that the number of CRUs triggered by LCC openings only alternates slightly (Online Figure I, B ), indicating that many LCC openings during the small Ca beat do not successfully trigger Ca sparks. The recruitment rate (defined as the ratio of recruited sparks to LCC triggered sparks) alternates between 15% and 30% (Online Figure I 
Ca Alternans and the Steep Fractional Release-Load Relationship
To test whether a steep fractional release-load relationship is required for Ca alternans, as proposed in previous studies, 4, 14 we clamped the SR Ca to a constant value, and paced the system as in Figure 4 . Ca alternans still occurred ( Figure 5A ), indicating that a steep release-load relationship is not required. However, we could only induce Ca alternans when Ca was clamped at a high level corresponding to the steep region of the fractional SR Ca release curve (between 600 and 700 mol/L), and over a limited range of cycle lengths. If the SR Ca was clamped at a level either below or above this, alternans did not occur.
To further analyze how SR Ca release is related to SR load, we used a "ramped pacing" protocol similar to that by Picht et al. 12 We initially paced the model at the control PCL of 500 ms, at which Ca alternans was already present, and then gradually increased the PCL to 2000 ms, at which Ca alternans was absent. A plot of the SR depletion versus SR load ( Figure 5B ) resembles the data from the experiment by Picht et al 12 (Online Figure V) . In particular, note that the diastolic SR Ca content during periodic beating in the absence of Ca alternans (see Figure 5B ) is significantly lower than the SR diastolic Ca immediately preceding the smallrelease beat during stable alternans. However the amount of Ca release during the periodic beating is greater in the absence of Ca alternans, indicating that the SR Ca release does not completely rely on SR Ca content.
A Dynamical Mechanism of Ca Alternans
In a recent theoretical study, 30 we demonstrated a perioddoubling bifurcation in an array of coupled randomly excitable elements subjected to periodic forcing and hypothesized that the same mechanism might be applicable to Ca alternans in cardiac myocytes (although no direct comparison was made). The 3 critical properties of the array required for this behavior included 2 properties assigned to the individual excitable elements (random activation and a refractory period), and 1 cooperative property between the elements (recruitment). Here, we revisit the theory in terms of Ca sparks and Ca alternans and directly compare the general theory to the modeling results.
We assume that ␣ is the probability of a primary Ca spark ( Figure 6A ), activated either spontaneously (because of high SR load or leakiness) or by opening of LCCs in the CRU; ␥ is the probability of a primary Ca spark recruiting a neighboring CRU to spark (secondary sparks); and ␤ the probability that a CRU activated on the previous beat remains refractory during the present beat. If, on the k th beat, N k out of N 0 total CRUs were activated, then on the (kϩ1) th beat, the number of CRUs available to be activated are A k ϭN 0 Ϫ␤N k , because ␤N k CRUs are still in the refractory state. The number of primary sparks at the (kϩ1) th beat is then ␣A k . The number of secondary sparks will be a fraction (f) of the remaining available (recovered) CRUs, ie, (1-␣)A k f. Therefore, the total number of activated CRUs during the (kϩ1) th beat is:
relates the number of Ca sparks in the present beat to the number of Ca sparks in the previous beat. What determines the fraction f? For an intuitive understanding, we show 2 schematic plots in Figure 6B for 2 beats in which CRUs have either mostly regained excitability (high recovery), or mostly remained refractory (low recovery). Because the spatial distribution of excitable and refractory CRUs is random in both cases, excitable CRUs are more isolated from each other in the case when most CRUs are refractory. This makes recruitment more difficult and leaves more potentially excitable CRUs unrecruited when the system is less recovered, and thus the recruitment rate is lower. Besides recovery, f also depends on primary spark rate ␣, recruitment probability ␥, and the number of nearest neighbors. Using a meanfield approximation, 30 we explicitly derived f as (see the Online Data Supplement):
where n is the number of neighbors of a CRU. The recruitment rate, defined as the ratio of recruited sparks to primary sparks, ie, (1Ϫ␣)A k f/␣A k , is then:
(4) recruitment rateϭ(1Ϫ␣)f/␣ Figure 5 . Ca alternans does not rely on SR Ca load. A, Clamped SR Ca concentration (gray dashed) and myoplasmic Ca concentration vs time (PCLϭ500 ms). B, Ca depletion from SR vs SR Ca content as PCL increased gradually from 500 to 2000 ms in increments of 50 ms, with the initial 20 beats for PCLϭ500 ms ("stable alternans") and the last 10 beats for PCLϭ2000 ms ("regular depletion").
The recruitment rate (Equation 4) for different ␣ and ␥ is shown in Figure 6C along with the direct numeric results. Recruitment rate increases as ␥ increases, or as the number of recovered CRUs increases but decreases as ␣ increases. Inserting Equation 3 into Equation 2, the steady state equilibrium of the system and its stability can be explicitly analyzed (see the Online Data Supplement). The stability of the steady state depends on ␣, ␤, and ␥, and also on the function for f (and its slope). When the steady state becomes unstable, alternans occurs. Behaviors of Equation 2 are illustrated in the ␣-␥ parameter space in Figure 6D , with alternans occurring in the region above the line for each n (number of neighbors). In general, alternans occurs when ␣ is intermediate ( Figure 6E ), ␥ is large, and ␤ is large. Note that the large slope of the recruitment ratio curves shown in Figure 6C also occurs at intermediate ␣ and large ␥. Outside of the alternans regime, a transient alternans attributable to the initial condition can be observed but quickly converges to the stable steady state ( Figure 6F ). However, alternans is persistent in the alternans regime ( Figure 6G If the LCC open probability is high (thus ␣ is high), based on the theoretical predictions shown in Figure 6D and 6E, then inhibiting the LCC current (thereby lowering ␣) should promote alternans, which indeed occurs in our spatially distributed Ca cycling model ( Figure 7A ). This was also observed experimentally in voltage-clamped myocytes by partially blocking LCC. 31 35, 36 Our theory predicts that alternans can occur only when ␤ is very large, indicating that either prolonging the refractory period or shortening the stimulation period (which increases ␤) will promote alternans if ␣ and ␥ are also properly chosen. For example, Schmidt et al 35 showed in mouse heart that overexpression of calsequestrin promoted pulsus alternans and Restrepo et al 37 showed in a modeling study that increasing calsequestrin concentration prolonged RyR refractoriness and promoted alternans, in agreement with our theoretical predictions. Figure 7C shows that, in our simulations using the spatially distributed Ca cycling model, alternans is promoted by decreased PCL, ␣ is the intrinsic probability an individual CRU will spark, whereas ␥ is the probability that 1 sparking CRU will recruit another to spark. consistent with the standard experimental method of inducing alternans by decreasing PCL. 3. The spatial cooperativity parameter ␥, reflecting mainly the sensitivity of CICR, is affected by Ca level in the myoplasm, Ca diffusion rate, and the spacing between CRUs. For example, increasing CRU spacing makes recruitment less efficient (thus decreasing ␥), which, based on our theory, suppresses alternans. This is demonstrated in the simulation results shown in Figure  7D . In their modeling study, Restrepo et al 37 showed that increasing the Ca diffusion rate (and thus increasing ␥) promoted alternans, agreeing with our mean-field theory predictions. In addition, loading the cell with more Ca increases the sensitivity of RyRs to CICR, which enhances both the primary spark rate ␣ and recruitment rate ␥, thus promotes Ca alternans as [Ca] o increases from low to high ( Figure 7B ).
Discussion
In this study, we developed a spatially distributed Ca cycling model to investigate how Ca sparks interact cooperatively to generate the steep fractional release-load relationship and Ca alternans. We show that Ca alternans emerges naturally as a result of 3 generic properties of the CRUs: randomness, refractoriness, and recruitment. Two of these 3 properties represent intrinsic CRU properties (random activation of Ca sparks and the refractory period of a CRU), whereas the third (recruitment, or spark-induced sparks) is governed by the spatial cooperativity between CRUs. In this Ca cycling model, Ca alternans does not causally rely on either regulation of RyR by SR luminal Ca, or a steep fractional release-load relationship, as proposed previously. 4 This is not to imply that the latter regulatory features do not exist or are unimportant, but merely to show that they are not formally required to produce Ca alternans when a generic mechanism of RyR refractoriness, coupled with randomness and recruitment, is present.
Randomness
A typical myocyte consists of 10 000 to 20 000 CRUs with each CRU containing 5 to 20 LCCs and 50 to 300 RyRs. 1,17,38 -40 Because both LCC and RyR open randomly, Ca sparks are also naturally random, but their degree of randomness depends on the open probability of LCC and RyR. For example, if one assumes that only 1 LCC is needed to trigger a spark, and if a CRU has 10 LCCs, each with a low open probability of 0.05, the probability that none of the LCCs will open on a given depolarization is (1Ϫ0.05) 10 ϭ0.6, so that the probability of a spark is only 0.4. However, for the same CRU in which the open probability of LCC is 0.5, the probability that none of the LCC will open is reduced to (1Ϫ0.5) 10 ϭ0.001, so that a Ca spark will occur on virtually every beat. Equivalently, if the LCC open probability is high, but the probability of an LCC opening activating the RyRs is low, the Ca spark probability will also decrease. In our mean-field theory, ␣ is the parameter describing the random excitability of the LCC and RyR channels. In the extreme case, when ␣ϭ1, all CRUs will fire as primary sparks at each beat, no recruitment can occur and thus alternans cannot develop. As illustrated in Figure 6 , randomness is also necessary for the steep nonlinear recruitment function f. Ca release was needed for alternans. Their studies provide direct experimental support for our theoretical argument that randomness is necessary for alternans. Our prediction that random spark activation plays a key role in alternans might seem incompatible with the observation that when rabbit ventricular myocytes are paced with an action potential clamp at rates too slow to induce alternans, sparks occur regularly from the same sites. 24 However, we predict that when the rate is increased sufficiently to induce Ca alternans, this regular spark appearance will deteriorate and become asynchronous, because of the reduction in coupling fidelity as the rapid heart rate impinges on RyR refractoriness. This will be an important experimental test of the theory. It has been shown experimentally that Ca release becomes asynchronous in diseased heart, 41, 42 which may be caused by a lower primary spark rate (␣) resulting from remodeling processes, such as T-tubule disruption, 43, 44 altered excitation-contraction coupling, and altered cooperativity between RyRs within the same CRU. Lowering ␣ enhances not only randomness, but also enhances recruitment (because more CRUs are available to be recruited), which may be one of the predisposing causes of alternans in ischemia, 45 heart failure, 46 and catecholaminergic polymorphic ventricular tachycardia. 47
Refractoriness
After RyRs in a CRU open and release Ca, they inactivate and require time to recover excitability. RyRs are the poreforming proteins mediating SR Ca release, but coassemble with a variety of accessory proteins that regulate their open probability and sensitivity to myoplasmic free Ca. Although the precise molecular basis of CRU refractoriness remains controversial, several nonexclusive mechanisms have been proposed. (1) Intrinsic RyR refractory period, as in the model proposed by Stern et al ( Figure 1D ): in the simplest mechanism, RyRs undergo conformational changes between different states, similar to other ligand-gated channels, one of which is a refractory state. (2) Direct regulation of RyR open probability by SR luminal Ca: in this mechanism, RyRs are activated by increased myoplasmic free Ca, but their sensitivity is also coregulated by a Ca-binding site in the C terminus of RyR, which senses SR luminal free Ca. 48 (3) Indirect regulation of RyR open probability by SR luminal Ca: in this mechanism, RyRs are activated by increased myoplasmic free Ca, but the sensitivity is coregulated by calsequestrin, through its interaction with accessory proteins such as triadin and junctin in the RyR protein complex. 49 In terms of providing the refractoriness required in our analysis, any one of these 3 molecular mechanisms of RyR refractoriness is sufficient to account for alternans, whether SR luminal Ca regulation is absent (mechanism 1) or present (mechanisms 2 and 3). Although refractoriness is necessary for alternans in our theory, it is not sufficient without the other 2 factors (randomness and recruitment). Its role in alternans can be understood as follows (see also Figure 6B and 6C). Immediately before the beat with a large Ca transient, most of the CRUs are recovered (because they did not spark on the prior beat with a small Ca transient). Thus, available CRUs are densely distributed, such that their probability of recruiting secondary sparks is high (large f in Equation 2). Immediately afterward, however, most CRUs will be refractory, because they were just activated. Thus, on the next beat following a large Ca transient, few CRUs are available and they will be sparsely distributed, and recruitment of secondary sparks is therefore low (small f in Equation 2).
In agreement with our theoretical argument, increasing RyR refractoriness by transgenic overexpression of calsequestrin was shown in both experiments 35 and simulations 37 to promote alternans. On the other hand, Ca alternans was also reported to be enhanced in a transgenic mouse model of catecholaminergic polymorphic ventricular tachycardia, in which RyR refractoriness was decreased. 47 It will be interesting to explore further whether specific combinations of randomness, refractoriness, and recruitment can concomitantly promote both Ca alternans and Ca waves.
Recruitment
Recruitment, ie, the efficiency of spark-induced sparks, is determined by spatial cooperativity between CRUs. It is mediated by Ca diffusion and is sensitive to a variety of factors, including the Ca concentrations in the myoplasm and SR, the SR Ca uptake and leak rates, Ca buffering, and the spacing between adjacent CRUs. The process of sparkinduced sparks, combined with randomness and refractoriness, is crucial for the nonlinearity (recruitment function f in Equation 2) required for alternans. For example, as shown in Online Figure I, during steady state (PCLϭ1400 ms), the recruited sparks accounted for 30% of the total sparks (corresponding to recruitment rate 40%). During alternans (PCLϭ500 ms), the recruitment rate was around 30% on the large beat, but dropped to 15% on the small beat. Sparkinduced sparks are also the basis of myoplasmic Ca waves attributable to CICR, 19, 50 and therefore naturally link Ca waves to Ca alternans, as observed in experiments. [5] [6] [7] Our simulations show that reducing CRU spacing increases recruitment rate and thus promotes alternans. This may be one of the predisposing causes of alternans in heart failure, in which remodeling has been shown to decrease CRU spacing. 51 Whether spark-induced sparks occur under normal conditions is unclear, but they are promoted by conditions of Ca overload (increased extracellular Ca or fast pacing), increased RyR sensitivity to SR or myoplasmic Ca, decreased CRU distance, etc. These conditions are known to be present in disease states, 51, 52 consistent with the observation that Ca alternans and waves are promoted by heart failure and ischemia.
Steep Nonlinear Fractional Ca Release-Load Relationship
A steep nonlinear release-load relationship is a fundamental property of cardiac excitation-contraction coupling and plays an important role in the physiological regulation of the whole-cell Ca transient amplitude, and hence contractile force, in response to changes in heart rate and autonomic tone that alter the SR Ca load. Both myoplasmic and luminal SR Ca regulation of RyRs have been suggested as possible sources for the steep nonlinear relationship. 53 Here, we show that SR luminal Ca regulation of RyR is not strictly necessary for the steep release-load relationship and Ca alternans. The underlying source of the steep release-load relationship is a dual increase in both SR Ca and myoplasmic Ca level. The increase of myoplasmic Ca increases the open probability of the RyR and thus increases the Ca spark probability of a CRU. In addition, as myoplasmic Ca increases, the probability of spark-induced sparks also increases. These 2 factors cause the number of sparks to increase steeply and nonlinearly as the SR load increases, resulting in a steep nonlinear release-load relationship. Although the occurrence of Ca alternans is always accompanied by a steep fractional release-load relationship as observed in experimental studies, 4, 6, 7, 11 a causal relation between the steep fractional release-load relationship and Ca alternans may not exist. In other words, both the steep fractional release-load relationship and alternans may be the result of enhanced CICR and spark recruitment, instead of one causing the other. On the other hand, although our model does not include SR luminal Ca regulation of RyR, we do not mean to imply that this feature is not important, only that in a minimal CRU network, it is not an absolute requirement for either a steep releaseload relationship or Ca alternans. In fact, experimental 35, 36, 49, 54 and modeling 37,52 studies directly support luminal SR Ca regulation of RyR as playing important roles in Ca release and Ca alternans. However, it is more difficult to explain the dissociation of SR Ca load and release during Ca alternans as observed by Picht et al, 12 if release is tightly regulated by luminal SR Ca load under all conditions. It is intriguing to speculate that luminal SR Ca regulations may have evolved as a refinement to an already present property of the CRU network, to provide robustness and/or a greater dynamic performance range.
Limitations
In our study, we have focused on the minimum properties of a CRU network required to produce Ca alternans. Several limitations need to be addressed in future studies. (1) A real myocyte is a 3D system that contains a complex and heterogeneous CRU network coupled with a complex T-tubule network. (2) Only 1 of the 3 molecular mechanisms of refractoriness was studied in our Ca cycling model. (3) Many molecular signaling pathways regulate LCCs, RyRs, and SERCA pump. These molecular and subcellular factors undoubtedly play important roles in the genesis of Ca alternans. In addition, how intracellular Ca couples with membrane voltage to result in repolarization alternans and how the Ca alternans maintains synchronized in multicell tissue need to be investigated in future studies. Despite these limitations, our model and theory can explain the key experimental observations and provide a unifying general theory linking the steep fractional release-load relationship, Ca alternans, and Ca waves in cardiac myocytes.
